Introduction
============

Animal models of pain are important for understanding the pain process and have been developed to understand pain from a variety of disease states. Animal models of pain include two components: the method of insult and the subsequent end-point measurement. Rodent models are frequently used, and these include a variety of methods for assessing changes in rodents' spontaneous behavior following chronic pain, such as fecal scoring,[@b1-jpr-11-2279] voluntary movement rearing,[@b2-jpr-11-2279] and others. However, even though rodent models for pain continue to provide valuable data on the mechanisms driving pain,[@b3-jpr-11-2279],[@b4-jpr-11-2279] the use of these models in drug development is criticized due to limited translational ability to human conditions.[@b5-jpr-11-2279]--[@b10-jpr-11-2279]

Pigs are increasingly being used in regulatory toxicology studies[@b10-jpr-11-2279] as they share similar anatomic and physiologic characteristics with humans in a number of organ systems[@b11-jpr-11-2279] and may be an alternative to NHPs for bridging the gap in behavioral studies between rodent preclinical research and human clinical trials.[@b12-jpr-11-2279] However, very little is known about the spontaneous behavior changes in pigs following painful procedures. In a previous work, Castel at al showed that in accordance with other species, pigs express stimuli-related withdrawal activity in a PNT model and that the pig model more closely resembles humans than other models. In their work, the authors suggest a behavior scoring system for assessing animal behavior following PNT.[@b5-jpr-11-2279] In the current study, we aimed to further characterize the non-evoked behavior of pigs exposed to PNT and treated with different therapies using the open field test.

The open field test has been used widely in rodents to assess locomotor function, anxiety, and stress.[@b13-jpr-11-2279],[@b14-jpr-11-2279] However, the use of this method in pigs is very limited and rarely involves computerized objective observations. The open field assay was used previously to assess the effect of CNS drugs such as cocaine on young and mature pigs.[@b15-jpr-11-2279] More recently, Zhong et al[@b16-jpr-11-2279] studied the potential use of the open field in assessing neurotoxicity in Sinclair minipigs. They looked at the effect of amphetamine, ketamine, and diazepam on pigs' behavior in the open field and concluded that the open field is useful for functional observation of behavior in pigs. However, their method of analysis involved subjective observations and scoring. Others have used locomotor activity observations to evaluate the effect of injection methods to the sciatic nerve area.[@b17-jpr-11-2279] All these studies were conducted using different methods of scoring while subjectively observing animal behavior in the open field, and none were performed on pigs with neuropathic pain. To the best of our knowledge, our study is the first time that the behavior of pigs under neuropathic conditions has been studied using a computerized online monitoring system for the open field method.

Methods
=======

Animals and housing
-------------------

Danish Landrace × Large White crossbred pigs from the domestic herd at Lahav Labs, Negev, Israel, were used in this study. All procedures and experiments were approved by the MD Biosciences Animal Care and Use Committee (IACUC) and the Israel National Animal Care and Use Committee and were designed to reduce numbers and undue suffering in accordance with IASP (International Association for the Study of Pain).[@b18-jpr-11-2279] Prior to the start of the study, all of the animals were kept under conventional pig production conditions. Animals were housed in open pens (1.4 × 2.4 m) on a 12 hours:12 hours light--dark cycle for 7 days prior to study initiation. Feeding occurred three times daily using specific food for pigs (Dry Sows; Ct \# 5420; Milobar, 7880, Oshrat, Israel), and pigs were provided opportunities to root and chew for enrichment. Fresh water was provided ad libitum by an automated system.

Study design
------------

Thirty-six animals were included in this study, with six animals assigned to each treatment group. It is important to note that the variability in this study is relatively low. Therefore, the number of animals required to achieve statistical difference is significantly lower than in behavior rodents studies. Sham-operated animals underwent anesthesia and sciatic nerve exposure maintaining the sciatic nerve intact. [Table 1](#t1-jpr-11-2279){ref-type="table"} shows the study design. Animals from group three were dosed with 1 mg/kg morphine 3 weeks post-surgery; following 3 days washout the animals were then dosed with 2 mg/kg morphine. Following 4 days washout, the same animals were re-dosed with 5 mg/kg morphine. All doses were performed IM at the area of the neck. Animals from group four were dosed with buprenorphine at a dose of 0.5 mg/kg IM. Animals from group five were dosed with 6 mg/kg gabapentin using the IV route.

Habituation
-----------

Pigs were allowed to habituate to the study protocol for 5 days prior to surgery as described previously.[@b6-jpr-11-2279] To familiarize the pigs with the schedule and technicians, the same technician and group of researchers were involved for the duration of the study period. During the habituation period, these persons entered the animals' pen twice daily and played with the pigs for a period of 15 minutes. The habituation process was implemented to reduce the stress level of the pigs.

Anesthesia and surgery
----------------------

Each pig walked freely to the preparation room on the day of surgery. A technician carried each animal in their hands and placed an anesthetic facemask (Fritz Stephan GmbH Medizintechnik, Gackenbach, Germany) on the pig's mouth and nose, as described previously.[@b5-jpr-11-2279] Each animal was anesthetized with a 3% isoflurane/100% oxygen mixture. The pig was placed in the sternal position on the operating table. The area of the incision was swabbed with antiseptic liquid polidine solution (Polysept solution, Rekah Pharmaceutical Industry Ltd., Holon, Israel) and the non-operated areas were covered with sterile sheets. During anesthesia, blood O~2~ saturation was monitored (Spacelab Medical, Snoqualmie, WA, USA). The temperature in the surgery room was maintained at 19°C (range 18°C--20°C).

PNT was induced as previously described.[@b5-jpr-11-2279] Briefly, following a full skin incision of 8--10 cm on the left side of the lower back, the muscles were retracted exposing the entire sciatic nerve. PNT was induced by three 3--0 silk threads (Assut Medical Sàrl, Pully-Lausanne, Switzerland), each 3 cm in length, which were pre-soaked in CFA (1 mg/mL) overnight. These threads were ligated loosely (1--2 mm apart) surrounding the lateral half of the sciatic nerve bundle. Sham-operated animals underwent the same procedure of skin incision and sciatic nerve exposure, leaving the nerve intact.

Open field test for locomotor activity
--------------------------------------

The open field apparatus size was 2.5 m wide and 4.8 m long. The walls of the open-field were smooth and 1.6 m high. The animals were introduced to the open field for a period of 5 minutes or 30 minutes. The walking pattern of the animals was recorded using a CCTV camera connected to the AnyMaze data equitation software (Stoelting Co., Wood Dale, IL, USA). The animals were introduced to the open field four times after the operation and prior to the treatments (at days 7, 14, 17, and 21 post surgery) and then again after treatment as specified in [Table 1](#t1-jpr-11-2279){ref-type="table"}. After each open field session, the following parameters of the animals' walking patterns were analyzed: total walking distance; percentages of time spent in each zone (see [Figure 1](#f1-jpr-11-2279){ref-type="fig"}); and the percentage of time that the animals spent walking with their operated side pointing against the wall.

Assessment of spontaneous pain behavior using a CBS
---------------------------------------------------

The solitary performance and social behavior for each animal was scored during a 10-minute observation period. Seven behavioral parameters were observed and recorded (three for solitary performance and four for social behavior). [Table 2](#t2-jpr-11-2279){ref-type="table"} summarizes the behavioral parameters and the corresponding scoring method. In general, the parameters relate to observing the animals' standing posture, including leg guarding and leg shaking, as well as their vocalization and social behavior (isolation and aggressiveness).[@b19-jpr-11-2279] Some parameters were not as common and therefore carry more weight because they indicate more pain, for example, vocalization changes are less common than changes in weight bearing.

Each parameter was graded from 0 to 2 depending upon the observed behavior. The final score comprised the sum of all points from the seven parameters, that is, the higher the score, the more spontaneous pain behavior the animal expressed. The maximum possible score for an individual animal was 11 points. Spontaneous expression scores were recorded 1 day pre-surgery (Study Day −1), and 7, 14, 17, and 21 days post-surgery.

Drugs
-----

Morphine (Teva Pharmaceutical Industries Ltd., Petah Tikva, Israel, Cat number: 111--29122280/A) was administered at doses of 1, 2, and 5 mg/kg IM, and gabapentin (USP Cat Number 1287303; USA) were administered at doses of 6 mg/kg (IV). Buprenorphine was administered at a dose of 0.5 mg/kg IM. The doses of morphine and gabapentin were chosen based on the active dose observed previously in this model.[@b5-jpr-11-2279]

Sample collection
-----------------

Six animals were dosed with morphine at doses of 1 mg/kg IM, buprenorphine at a dose of 0.5 mg/kg IM, or gabapentin at a dose of 6 mg/kg IV, respectively. The doses were selected based on a previous study suggesting activity of these drugs in von Frey, feather, and behavior score following PNT procedure in a swine model.[@b5-jpr-11-2279]

Cannulation of the animal for blood sampling
--------------------------------------------

Nine sham-operated animals were used for further PK study of morphine, buprenorphine, and gabapentin. One day prior to sample collection, the animals were anesthetized using a combination of ketamine (10 mg/kg bodyweight) and xylazine (2 mg/kg bodyweight) administered by the IM route. Following introduction of a venous catheter into the lateral ear vein, IV injection of diazepam (5--10 mg/animal) was administered. Anesthesia was maintained by isoflurane 1%--3% and oxygen 100% administered by an anesthetic machine via an endotracheal tube. The CVC was introduced into a central vein (e.g., cranial vena cava, external jugular, etc.) using a standard surgical (cut-down) technique. The CVC was fixed in place using sutures, and a dressing was applied to prevent dislodgment of the CVC by the animal. Blood samples were collected from the CVC into a syringe and the blood was transferred to EDTA-coated tubes.

Plasma separation was performed following centrifugation (520 × *g* which represents approximately 2,223 g for 10 minutes at room temperature). Following centrifugation, plasma was removed into pre-labeled plastic tubes that were snap frozen in dry ice or liquid nitrogen for further analysis.

Blood drawing from animals treated with morphine and buprenorphine was performed at the following time points: pre-dosing, 30 minutes, 1, 2, 4, 8, 12, and 24 hours post dosing.

For animals treated with gabapentin the time points were: pre-dosing, 10, 20, 30, and 40 minutes, and 1, 2, 4, 8, and 24 hours post dosing.

Collection of CSF
-----------------

Animals were anesthetized by isoflurane 3%--5% in 100% O~2~ at a rate of 2--4 L/min, via face mask, positioned in lateral recumbence. The hair in the lumbar area was clipped with an electric clipper followed by surgical skin preparation (e.g., scrubbing the area with 4% w/v chlorhexidine gluconate and wiping with ethanol 70%). The animals were flexed by bending the rear legs forward under the abdomen in order to separate the intervertebral spaces. An 18G spinal needle was inserted in the mid line between the palpable dorsal spinous processes located in the most cranial aspects of the bilateral tuber coxae (wings of ileum) which is the intervertebral space of L5-6 or L6-7. The needle was advanced slowly through the intervertebral space wherein the stylet was removed from the needle and clear CSF was collected to a pre-labeled tube.

CSF was collected at 1, 3, and 24 hours post drug administration in all groups.

Bioanalytical methods
---------------------

Plasma or CSF samples were prepared as follows. Three volumes of acetonitrile containing internal standard were added to one volume of plasma or CSF to precipitate proteins. Samples were centrifuged at 3,000 × *g* for 10 minutes and supernatant was removed for analysis by LC-MS/MS. Calibration standards and quality controls were made by preparation of a 1 mg/mL stock solution and subsequently a series of working solutions in methanol:water (1:1, v/v), which were spiked into blank plasma to yield a series of calibration standard samples in the range of 1 ng/mL to 10 µg/mL and quality control samples at three concentration levels (low, intermediate, and high). The resulting PK/pharmacodynamic plasma or CSF samples were treated identically to the calibration standards and quality control samples. LC-MS/MS analysis was performed on a Phenomenex Kinetex C8 column (4.6 × 50 mm, 2.6 µm) (Phenomenex, Torrance, CA, USA) with a linear gradient from mobile phase A (5% acetonitrile with 0.1% formic acid in water) to mobile phase B (100% acetonitrile with 0.1% formic acid) at a flow rate of 1.0 mL/min for 2.5 minutes using Shimadzu LC-20AD/SIL-5000 LC system (Shimadzu Corp., Kyoto, Japan) and AB/Sciex 4,000QTrap (Danaher Corporation, Washington, DC, USA). The MS quantification was carried out utilizing multiple reaction monitoring in the positive ion mode as follows: m/z 468.4\>55.1 for buprenorphine, m/z 286.2\>152.2 for morphine, and m/z 172.1\>154.1 for gabapentin.

Results
=======

The current study was conducted to assess the spontaneous behavior of animals that underwent surgery for PNT-induced neuropathic pain. Two methods of assessment were used: computerized assessment of the open field test and assessment of spontaneous pain behavior using a CBS.

Animals introduced to the open field for the first time covered the entire area without any preference for any zone. This was the case whether the animals were introduced to the open field for 5 minutes or 30 minutes ([Figure 2](#f2-jpr-11-2279){ref-type="fig"}). The data show that following surgery (sham or PNT), repeated introduction of the pigs to the open field area did not affect the animal's behavior in the field. Measuring the total distance that the animals walked over a period of 5 minutes ([Figure 3](#f3-jpr-11-2279){ref-type="fig"}) showed similar results on trial 4 versus trial 1 (76.6 ± 10.2 m and 88.0 ± 17.3 m, respectively, no statistically significant difference). In addition, no difference was found between the PNT animals and the sham-operated animals (trial 4 on study day 21: sham-operated animals, 76.6 ± 10.2 m vs 59.6 ± 7.8 m for the PNT animals, no statistically significant difference). This finding is important because it suggests that even though the sciatic nerve was injured, the animals' ability to walk was preserved. However, although the total distance recorded was the same in the PNT animals and the sham-operated animals, the pattern of walking changed significantly following the PNT operation ([Figure 4](#f4-jpr-11-2279){ref-type="fig"}). PNT operated animals spent most of the time walking in the outer area of the open field and avoided entering the central area of the open field. This phenomenon was the same whether the animals spent 5 minutes or 30 minutes in the field and did not differ between trial 1 and 4. When calculating the percentage of time that the animals spent in each zone ([Table 3](#t3-jpr-11-2279){ref-type="table"}), the animals had no difficulty walking a distance (Zone D, the zone furthest from the entrance zone vs Zone A, the entrance zone). However, the percentages of time that the animals spent in the central zone following PNT operation were reduced by more than 60% versus the sham-operated animals (7.2% ± 1.8% vs 18.5% ± 3.55% for the 5-minute test; 9.1% ± 2.0% vs 32.7% ± 5.3% for the 30-minute test; *P* \< 0.05). We examined whether the animals' walking pattern is related to guarding of the injured leg, that is, whether they spent more time walking with their injured leg protected by the walls of the open field. The PNT animals spend approximately two-third of the time walking with the operated leg pointed to the walls of the open-field suggesting a guarding behavior (67.6% ± 6.5% of the time spent in the open field.).

The next step was to evaluate the effect of drugs from different classes on the animals' performance in the open field. Morphine and buprenorphine, both opioids, and gabapentin, an anticonvulsant drug, were used. Morphine treatment resulted in a change in the walking pattern ([Figure 5](#f5-jpr-11-2279){ref-type="fig"}) as well as a dose-related increase in animals' walking distance ([Figure 6](#f6-jpr-11-2279){ref-type="fig"}). Animals treated with morphine walked mainly in Zone A, near the entrance to the open field and avoided walking in other zones ([Figures 5](#f5-jpr-11-2279){ref-type="fig"} and [7](#f7-jpr-11-2279){ref-type="fig"}). There was no significant difference in the time that the animals spent in the central zone following treatment with morphine versus pretreatment ([Figure 8](#f8-jpr-11-2279){ref-type="fig"}). Animals treated with buprenorphine at a dose of 0.5 mg/kg showed a similar change in the pattern of walking, that is, spent most of their time in Zone A. However, there was no significant change in the walking distance nor were there any changes in the animals' time spent in the central area versus pretreatment ([Figure 8](#f8-jpr-11-2279){ref-type="fig"}).

Treatment with gabapentin resulted in an alteration in the pattern of walking versus pretreatment in PNT-operated animals. The change in pattern was characterized by an increase in the time that the animals spent in the central area of the open field and equal presence in all zones ([Figures 5](#f5-jpr-11-2279){ref-type="fig"}, [7](#f7-jpr-11-2279){ref-type="fig"}, and [8](#f8-jpr-11-2279){ref-type="fig"}). No changes in the total walking distance were recorded ([Figure 6](#f6-jpr-11-2279){ref-type="fig"}).

Following treatment with either morphine, buprenorphine, or gabapentin, there were drug-specific alterations in the observational behavior score assessment in the PNT-operated animals ([Figure 9](#f9-jpr-11-2279){ref-type="fig"}). Animals treated with morphine expressed significant improvement in weight bearing and in guarding their leg (appearance). However, treatment with morphine resulted in a dramatic increase in animals' aggressiveness and restlessness versus pretreatment ([Figure 9](#f9-jpr-11-2279){ref-type="fig"}). The aggressiveness of animals treated with 5 mg/kg morphine became so severe that the animals ate the tails of their fellow pigs. Following treatment with buprenorphine, aggressiveness, and restless scores were not reduced on day 21 versus pretreatment; however, they were also not increased ([Figure 9](#f9-jpr-11-2279){ref-type="fig"}).

Treatment with gabapentin resulted in a reduction in all parameters of the behavior score, with the resulting score similar to the preoperative score, except for weight bearing, that is, animals did not carry weight equally on both sides following the treatment ([Figure 9](#f9-jpr-11-2279){ref-type="fig"}).

PK results
----------

Following IM dosing of morphine at a dose of 1 mg/kg IM, the level of morphine was significantly reduced at 1-hour post-dosing (109 ± 35.2 mg/mL) versus 0.5 hours (Tmax) post-dosing (348 ± 86.6 mg/mL) ([Figure 10A](#f10-jpr-11-2279){ref-type="fig"}). The plasma level of morphine at 24 hours was 16.3 ± 8.62 ng/mL. The level of morphine in the CSF was 79.0 ± 40.4 ng/mL at 1-hour post dosing and 41.3 ± 20.3 ng/mL at 24-hour post-dosing, suggesting that morphine clearance from the CSF in these pigs is relatively slow.

Following IM dosing of buprenorphine at a dose of 0.5 mg/kg, there was a reduction of more than 50% in the plasma concentration at 4 hours (from 46.6±5.5 mg/mL at 0.5 hours post dosing to 13.5 ± 7.13 ng/mL at 4 hours post dosing; [Figure 10B](#f10-jpr-11-2279){ref-type="fig"}). The mean Tmax was calculated as 0.67 hours for plasma and 1.67 hours for CSF ([Table 4](#t4-jpr-11-2279){ref-type="table"}). At 24 hours, a low level of buprenorphine was still detected in the plasma (3.01 ± 1.75 ng/mL); no buprenorphine was detected in the spinal cord.

Following treatment with gabapentin at a dose of 5 mg/kg IV, the drug level was reduced to less than half by 2 hours post-dosing (1,470 ± 295 ng/mL at 10 minutes post-dosing and 705 ± 68 ng/mL at 2 hours post-dosing; [Figure 10C](#f10-jpr-11-2279){ref-type="fig"}). The calculated mean Tmax in the plasma was 1.67 hours and 3 hours for CSF. At 24 hours post-dosing, gabapentin was still detected in the plasma and CSF in two out of the three animals dosed.

Discussion
==========

This study demonstrates quantitative changes in spontaneous behavior, as recorded during the open field test in pigs under neuropathic pain conditions. We also show that different drugs affect these changes in distinct ways, enabling the identification of a drug's class footprint. In our previous study, we evaluated the changes in spontaneous behavior using the traditional observation and scoring system.[@b5-jpr-11-2279] In the current study, we used the same scoring system, but in contrast to previous work, each category of the score was assessed separately and presented separately providing a valuable tool for identification of spontaneous changes in neuropathic pain in pigs and drug effect characterization. Together with the open field test, these tools enable, for the first time, the analysis of the spontaneous behavior changes and assessment of new therapeutics in pigs.

There are few reports on pigs' behavior in the open field test[@b16-jpr-11-2279],[@b20-jpr-11-2279] and even fewer reports about the locomotor activity of the swine following peripheral nerve injury and/or drug treatment. Belda et al[@b17-jpr-11-2279] studied the correlation between locomotion, histological findings, and lidocaine injection to the sciatic nerve. Their findings suggest that injection of lidocaine intraneurally did not alter motor function in piglets. Other studies refer to the changes in open field assessment following treatment with CNS acting drugs such as cocaine[@b15-jpr-11-2279] or meloxicam.[@b21-jpr-11-2279] In one study, following abdominal surgery, pigs exhibited reduction in functions such as eating, drinking, and standing. Treatment with epidural morphine and trans-dermal fentanyl showed a beneficial effect on the reduced activity, with good correlation with better weight gain and lower levels of cortisol.[@b22-jpr-11-2279] However, the authors of this study did not report any changes in locomotor activity. Our study used a computerized system to characterize pig locomotor activity following PNT operation and subsequent treatment with different drug classes. Our findings show the following: There is no alteration in animals' behavior in four repeated open field trials.The animals' behavior in the open field is not affected by the time that the animals spend in the field, up to 30 minutes.PNT operation did not lead to changes in animals' walking distance, suggesting minimal interference with motor function.PNT operation resulted in a significant change in the animals' walking pattern. Following the operation, the animals tend to walk next to the open space walls, avoiding entering the central zone.Treatment with buprenorphine, morphine, or gabapentin altered the animals walking patterns in a drug-specific manner.The PK profile of buprenorphine, morphine, and gabapentin shows that gabapentin exhibited the slowest clearance and the highest Tmax, suggesting prolonged exposure.

These data are in accordance with a study exploring the effect of apomorphine on pigs that shows that the animals walked the same distance during a period of 10 minutes blocks within 1 hour. Namely, the animals walked the same distance during the first 10 minutes of the hour (minute 1--10) and the last 10 minutes of the hour (minutes 50--60). The researchers also showed that the animals had no zone preference.[@b23-jpr-11-2279] Following treatment with apomorphine, the authors demonstrated a significant alteration in the animals' walking distance versus non-treated animals. Other studies have also shown the effect of ketamine or diazepam on locomotor activity.[@b16-jpr-11-2279] None of these studies referred to the pattern of walking or to changes in the pattern under pain conditions.

Following painful manipulation, behavior scores of animals are commonly assessed in rodents and in large animals in veterinarian medicine. A comprehensive review of pain assessment summarizes functional changes in pigs following elective manipulations such as castration or teeth cutting or diseases that are typical to pigs.[@b24-jpr-11-2279] The authors use escape behavior, posture changes, avoidance response to stimuli, and vocalization as the main categories for assessing changes following painful manipulations.

The behavior categories in our study include these indicators and additional ones such as aggressiveness or isolation behavior. In a previous study, this detailed score was used to assess the effect of PNT injury in pigs.[@b5-jpr-11-2279] The study showed that following PNT, there were alterations in almost all indicators and that treatment with gabapentin or morphine was beneficial in a dose-related manner. In our study, the same scoring method was used but instead of using a composite score of the different indicators, each indicator was assessed and presented separately. This analysis suggests that different analgesics affect the score differently. For example, 2 hours following gabapentin treatment, the animals remain calm with improved posture (weight bearing), reduced vocalization, and reduced escape behavior (agitation). This is in line with the PK results suggesting an accumulation of gabapentin in the spinal cord and a Tmax of 3 hours following IV administration. Clinical studies with gabapentin have shown a CSF Tmax of 3--5 hours postoral administration of gabapentin.[@b25-jpr-11-2279] Furthermore, after treatment with gabapentin, the animals entered the central area of the open field suggesting a reduction in anxiety-related behavior. Studies in humans have shown that preoperative treatment with gabapentin resulted in a reduction in cortisol levels, an acceptable stress-related marker. These changes correlated well with the reduction in the visual analog scale score for pain.[@b26-jpr-11-2279] Pregabalin has been shown to reduce anxiety in patients suffering from poststroke pain.[@b27-jpr-11-2279] Other clinical studies showed that treatment with gabapentin significantly improved motor function following spinal cord injury[@b28-jpr-11-2279] and reduced dystonia severity in children. However, its effect on locomotor function following pain induction in rodents is not clear.[@b29-jpr-11-2279]--[@b32-jpr-11-2279]

When treated with morphine, the pigs expressed a dose-related increase in agitation, aggressiveness, and restless behavior, together with an improvement in posture and appearance. The effect of morphine on the animals' restless behavior was also noted in the open field, expressed as a dose-related increase in walking distance and a significant change in the walking pattern. Morphine has long been used in the treatment of pigs. A study by Risdahl et al, 1992[@b33-jpr-11-2279] shows that following treatment with morphine at doses ranging from 1.5 mg/kg to 10 mg/kg, full analgesia was noted up to 4--6 hours post dosing. The authors also stated that the excitatory effect of morphine was expressed as an increase in movement, hyperthermia, and an increase in respiratory rate; they showed that this increase is both drug and dose dependent. Use of epidural morphine following abdominal surgery showed an analgesic effect without any excitation behavior or aggression mentioned.[@b22-jpr-11-2279] The current study also shows an increase in the walking distance in the open field and a clear pattern change that might be related to stereotypic behavior. The PK analysis suggests that the repetitive and aggressive behaviors are in line with plasma Tmax, which occurred at 0.5 hours post dosing. The Tmax in the CSF occurred at 1.67 hours. These data are in accordance with those of other studies showing a rapid accumulation of morphine in the CSF following IV dosing[@b22-jpr-11-2279] and a relatively slow clearance following epidural dosing.[@b34-jpr-11-2279]

Very little is known about stereotypic behavior in pigs and the relationship between this behavior and morphine.[@b35-jpr-11-2279] A study that assessed the level of opioid receptors in the brain and stereotypic behavior in sows found a significant role of K-opioid receptors in the frontal cortex and a correlation between the mu opioid receptors and discomfort.[@b36-jpr-11-2279] However, a different study suggests that that the opioid system might not be the sole system involved in this behavior.[@b23-jpr-11-2279]

The data obtained from the open field test in the current study show a stereotypic behavior related to morphine dosing. The behavior was characterized by repetitive walking back and forth, focusing mainly in Zone A of the open field (the entrance zone). This was accompanied by a dose-related increase in the distance of walking. The animals also expressed a dose-related increase in aggressive behavior expressed as chewing each other's tails. Hyperactivity following morphine dosing is reported in rodents, when an injection of 20 mg/kg to mice resulted in stereotypic behavior with hyperactivity and reduced exploration behavior.[@b37-jpr-11-2279] However, studies in mice suggest that morphine has an anti-aggressive behavior effect.[@b38-jpr-11-2279]

Interestingly, animals dosed with buprenorphine, a partial mu opioid receptor agonist with high affinity and slow dissociation from mu opioid receptors, also expressed preference for zone A, although without stereotypic behavior and with a decrease in the aggressiveness score. Also, there was no change in the percentage of time that the animals spent in the central zone versus PNT-operated saline-treated animals. Other studies have shown improvement in locomotor activity in weaned lamed pigs following treatment with buprenorphine.[@b39-jpr-11-2279]

The plasma Tmax for buprenorphine was between 0.5 and 1 hours (mean of 0.67 ± 0.29 hour), suggesting a rapid effect. This is in accordance with other studies in minipigs showing the plasma concentration of buprenorphine following IV, slow-release subcutaneous dosing, and transdermal dosing.[@b40-jpr-11-2279]

Finally, the cost aspect of swine models must also be considered. Preclinical animal studies provide important information regarding efficacy, toxicology and mode of action, inferring the therapeutic activity in humans. Swine models provide the bridge between early rodent studies and human clinical ones, serving as an important de-risking tool for the prediction of success or failure in human studies. Additionally, swine models have gained importance as an alternate species for toxicology studies traditionally performed in NHPs and canines.[@b41-jpr-11-2279],[@b42-jpr-11-2279] Providing both efficacy and safety studies in pigs as a relevant translationally predictive model for humans may serve to reduce costs by early identification of any safety, efficacy or absorption issues. Costs expended on pig studies, while higher than for rodent studies, may ultimately serve to actually reduce overall program costs by identifying issues and potential failures much earlier.

In conclusion, the current study shows locomotor pattern changes following PNT surgery using the open field test for the first time. In addition, this study suggests that the open field assay can serve as a tool to detect the effect of new pain therapeutics on spontaneous changes in behavior of the pigs using a computerized non-biased method.
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![Open field dimensions and zones.\
**Note:** In red, the central zone.](jpr-11-2279Fig1){#f1-jpr-11-2279}

![Walking pattern of a sham--operated animal in trials 1 and 4 on study days 0 and 21, respectively.\
**Notes:** (**A**) and (**B**) present a drawing of the walking pattern over a period of 5 minutes and (**C**) and (**D**) present a walking pattern over a period of 30 minutes. There is no difference in the animals' walking pattern even after introducing the animals to the open field four times. The animals walked in the entire open field area without any preference for a specific zone.](jpr-11-2279Fig2){#f2-jpr-11-2279}

![Walking distance in meters.\
**Notes:** Full squares are sham-operated animals. Open circles are PNT-operated animals. No difference was found between the walking distances of the sham-operated animals versus the PNT-operated animals. Nor was there any difference between the walking distances between the testing days.\
**Abbreviation:** PNT, peripheral neuritis trauma.](jpr-11-2279Fig3){#f3-jpr-11-2279}

![Changes in the walking pattern following PNT procedure.\
**Notes:** (**A**), (**B**) and (**C**) show the pattern from an animal that was monitored for a period of 5 minutes. (**D**), (**E**), and (**F**) show the pattern from an animal that was monitored for a period of 30 minutes. Animals tend to walk in the outer circle close to the walls of the open field pen. The same pattern was observed in the first trial (**A** and **D**) and on the fourth trials (**C** and **F**), regardless of the amount of time that the animal spent in the open field (Trial 3, from day 17, is not shown).\
**Abbreviation:** PNT, peripheral neuritis trauma.](jpr-11-2279Fig4){#f4-jpr-11-2279}

![An example of the changes in walking pattern over a period of 5 minutes.\
**Notes:** (**A**) PNT-operated animals treated with morphine at a dose of 2 mg/kg IM; (**B**) PNT-operated animals treated with buprenorphine at a dose of 0.5 mg/kg IM; (**C**) PNT-operated animals treated with gabapentin 6 mg/kg IV. Animals treated with opioids (**A** and **B**) showed a clear specific pattern that was different than the pattern observed in animals treated with gabapentin.\
**Abbreviations:** IM, intramuscular; IV, intravenous; PNT, peripheral neuritis trauma.](jpr-11-2279Fig5){#f5-jpr-11-2279}

![Mean group changes in total walking distance following treatment with either morphine, buprenorphine, or gabapentin in PNT-operated animals.\
**Notes:** A significant increase in walking distance was detected only in animals treated with morphine. *\*P* \< 0.05 versus pre-treatment; \*\**P* \< 0.01 versus pre-treatment.\
**Abbreviations:** IM, intramuscular; IV, intravenous; PNT, peripheral neuritis trauma.](jpr-11-2279Fig6){#f6-jpr-11-2279}

![Mean group percentage of the time that the animals spent in Zone A (the entrance zone).\
**Notes:** Animals treated with opioids spent significantly more time in Zone A than prior to treatment or prior to operation. The time that the animals spent in Zone A following gabapentin treatment did not differ from the time that the animals spent in Zone A pretreatment or pre-operation. *\*P* \< 0.05 versus pretreatment; \*\**P* \< 0.01 versus pretreatment.\
**Abbreviations:** IM, intramuscular; IV, intravenous; PNT, peripheral neuritis trauma.](jpr-11-2279Fig7){#f7-jpr-11-2279}

![Mean group percentage of time that the animals spent in the central zone of the open field.\
**Notes:** A significant reduction was observed following operation (PNT pre-dosing versus pre-operation). Treatment with gabapentin resulted in an increase in the percentage of time that animals spent in the central zone of the open field. *\*P* \< 0.05 versus pre-operation; \*\**P* \< 0.01 versus pre-operation; ^\#^*P* \< 0.01 versus PNT pre-treatment.\
**Abbreviations:** IM, intramuscular; IV, intravenous; PNT, peripheral neuritis trauma.](jpr-11-2279Fig8){#f8-jpr-11-2279}

![Changes in behavior score following treatment with morphine, buprenorphine, and gabapentin. Following treatment with morphine, animals' appearance and weight bearing was improved (reduced).\
**Notes:** However, the animals expressed a dramatic increase in restlessness and aggressiveness. These phenomena were not observed following treatment with buprenorphine or gabapentin. *\*P* \< 0.05 versus pretreatment on study day 21; \*\**P* \< 0.01 versus pretreatment on study day 21.\
**Abbreviations:** IM, intramuscular; IV, intravenous; PNT, peripheral neuritis trauma.](jpr-11-2279Fig9){#f9-jpr-11-2279}

![Plasma concentration of morphine (**A**), buprenorphine (**B**), and gabapentin (**C**).\
**Abbreviations:** IM, intramuscular; IV, intravenous.](jpr-11-2279Fig10){#f10-jpr-11-2279}

###### 

Study design

                           Study days                                                                                                                                                                                                                    
  --------- -------------- ---------------- --------------- --------------- ------------------------- ---------------------------------- ------------------------- ----------------------------------- ---- --------------------------------------- ---- ---------------------------------------
  Group\#   n              Procedure        (Trial 1)       (Trial 2)       Trial 3)                  (Trial 4)                          PK phase (nine animals)                                                                                         
  1         6              Sham operation   OF 5 minutes    OF 5 minutes    OF 5 minutes              OF 5 minutes                                                                                                                                       
  2         6              OF 30 minutes    OF 30 minutes   OF 30 minutes   OF 30 minutes                                                                                                                                                                
  3         18             PNT              OF 5 minutes    OF 5 minutes    OF 5 minutes              OF 5 minutes                       1 mg/kg Morphine          0.5-hour post dosing OF 5 minutes   WO   0.5-hour post dosing 2 mg/kg Morphine   WO   0.5-hour post dosing 5 mg/kg Morphine
  4         OF 5 minutes   OF 5 minutes     OF 5 minutes    OF 5 minutes    0.5 mg/kg Buprenorphine   1-hour post dosing OF 5 minutes                                                                                                                    
  5         OF 5 minutes   OF 5 minutes     OF 5 minutes    OF 5 minutes    6 mg/kg Gabapentin        2 hours post dosing OF 5 minutes                                                                                                                   
  6         6              PNT              OF 30 minutes   OF 30 minutes   OF 30 minutes             OF 30 minutes                                                                                                                                      

**Abbreviations:** OF, open field; PK, pharmacokinetic; PNT, peripheral neuritis trauma; WO, wash out period.

###### 

Behavior parameters and scoring method

  Category               Parameter tested   Description of behavior                         Score
  ---------------------- ------------------ ----------------------------------------------- -------
  Solitary performance   Weight bearing     Equal on both legs                              0
  Max score: 4                              Carrying weight mainly on intact leg            1
                         Appearance         Normal lying and walking                        0
                                            Guarding the injured leg                        1
                         Vocalization       Normal vocalization (low volume)                0
                                            High volume occasional cry                      1
                                            Screaming and cries                             2
  Social behavior        Restlessness       Normal behavior                                 0
  Max score: 7                              Pacing around the pen                           1
                                            Jumping up and down and pacing around the pen   2
                         Agitation          Normal behavior                                 0
                                            Slightly moves away when approached             1
                                            Screaming and moves away when approached        2
                         Aggression         Friendly                                        0
                                            Moves away                                      1
                                            Attacking and biting his pen mates              2
                         Isolation          Normal behavior                                 0
                                            Moves away from pen mates                       1

**Notes:** The scoring criteria used is based on a numerical rating scale (NRS) modified from Reyes et al.[@b19-jpr-11-2279] The behavior score was divided into two distinct categories: (1) solitary performance and (2) social behavior. The total score is the sum of all sub-scores.

###### 

Walking pattern analysis

  Parameters analyzed                                             Time spent in the open field                                                                          
  --------------------------------------------------------------- ------------------------------ ------------------------------------------------------- -------------- -------------------------------------------------------
  Total distance walking (m)                                      88.0 ± 17.3                    64.3 ± 5.6                                              301.0 ± 38.2   213.4 ± 25.0
  Percentage of time spent in the center area of the open field   18.5 ± 3.55                    7.2 ± 1.8[\*](#tfn4-jpr-11-2279){ref-type="table-fn"}   32.7 ± 5.3     9.1 ± 2.0[\*](#tfn4-jpr-11-2279){ref-type="table-fn"}
  Percentage of time spent in Zone A                              27.2 ± 2.1                     22.7 ± 2.7                                              24.4 ± 5.6     24.8 ± 4.6
  Percentage of time spent in Zone B                              22.4 ± 4.3                     24.6 ± 3.1                                              20.5 ± 8.9     26.5 ± 2.1
  Percentage of time spent in Zone C                              24.8 ± 3.0                     19.8 ± 2.3                                              33.3 ± 12.8    22.3 ± 1.1
  Percentage of time spent in Zone D                              25.7 ± 2.1                     32.2 ± 4.0                                              21.8 ± 7.4     26.4 ± 4.4

**Notes:** Animals spent the same percentages of time in the zone close to the entrance (A) and the zone far from the entrance (Zone D) meaning that the animals were able to walk easily for a distance. See [Figure 1](#f1-jpr-11-2279){ref-type="fig"} for description of Zones A to D. Following PNT operation, a statistically significant reduction was found in the time that the animals spent in the central zone regardless the time that the animals spent in the open field.

*P* \< 0.05 versus sham-operated animals.

**Abbreviation:** PNT, peripheral neuritis trauma.

###### 

PK data

  Plasma                                                                                                                                                                                
  -------------------------------- ------------------------- --------------------------- ------------------ ----------------- -------------------- ------------------ ----------------- --------------------
  1                                0.50                      40.4                        1                  0.50              445                  1                  0.167             1,170
  2                                1.00                      75.2                        2                  0.50              319                  2                  0.167             1,760
  3                                0.50                      50.8                        3                  0.50              279                  3                  0.167             1,480
  **Mean**                         **0.67**                  **55.5**                    **Mean**           **0.50**          **348**              **Mean**           **0.167**         **1,470**
  SD                               0.29                      17.9                        SD                 0.00              86.6                 SD                 0.00              295
  Percentage of CV                 43.3                      32.2                        Percentage of CV   0.0               24.9                 Percentage of CV   0.00              20.1
  **CSF**                                                                                                                                                                               
  **Buprenorphine 0.5 mg/kg IM**   **Morphine 1 mg/kg IM**   **Gabapentin 5 mg/kg IV**                                                                                                  
  **Animal \#**                    **T~max~ (hr)**           **C~max~ (ng/mL)**          **Animal \#**      **T~max~ (hr)**   **C~max~ (ng/mL)**   **Animal \#**      **T~max~ (hr)**   **C~max~ (ng/mL)**
                                                                                                                                                                                        
  1                                1.00                      1.04                        1                  3.00              91.7                 1                  3.00              567
  2                                3.00                      0.506                       2                  1.00              62.1                 2                  3.00              459
  3                                1.00                      1.37                        3                  1.00              125                  3                  3.00              307
  **Mean** (n = 3)                 **1.67**                  **0.972**                   **Mean**           **1.67**          **92.9**             **Mean**           **3.00**          **444**
  SD                               1.15                      0.436                       SD                 1.15              31.5                 SD                 0.00              131
  Percentage of CV                 69.3                      44.9                        Percentage of CV   69.3              33.9                 Percentage of CV   0.00              29.4

**Abbreviations:** C~max~, maximum concentration detected; CSF, cerebrospinal fluid; CV, central vein; IM, intramuscular; IV, intravenous; PK, pharmacokinetic; T~max~, time of which the maximum concentration of the drug was detected.
